CREB-binding proteins (CBP) and p300 are essential transcriptional coactivators for a large number of regulated DNA-binding transcription factors, including CREB, nuclear receptors, and STATs. CBP and p300 function in part by mediating the assembly of multiprotein complexes that contain additional cofactors such as p300͞CBP interacting protein (p͞CIP), a member of the p160͞SRC family of coactivators, and the p300͞CBP associated factor p͞CAF. In addition to serving as molecular scaffolds, CBP and p300 each possess intrinsic acetyltransferase activities that are required for their function as coactivators. Here we report that the adenovirus E1A protein inhibits the acetyltransferase activity of CBP on binding to the C͞H3 domain, whereas binding of CREB, or a CREB͞E1A fusion protein to the KIX domain, fails to inhibit CBP acetyltransferase activity. Surprisingly, p͞CIP can either inhibit or stimulate CBP acetyltransferase activity depending on the specific substrate evaluated and the functional domains present in the p͞CIP protein. While the CBP interaction domain of p͞CIP inhibits acetylation of histones H3, H4, or high mobility group by CBP, it enhances acetylation of other substrates, such as Pit-1. These observations suggest that the acetyltransferase activities of CBP͞p300 and p͞CAF can be differentially modulated by factors binding to distinct regions of CBP͞p300. Because these interactions are likely to result in differential effects on the coactivator functions of CBP͞p300 for different classes of transcription factors, regulation of CBP͞p300 acetyltransferase activity may represent a mechanism for integration of diverse signaling pathways.
The regulation of gene transcription by DNA-binding transcription factors has been linked to the recruitment of CBP͞ p300, the p300͞CBP associated factor (p͞CAF) complex, as well as other cofactors, such as the p160͞SRC͞TIF2͞p/CIP (1-5) family of factors (6) . The CREB-binding protein (CBP) (7, 8) and the p300 adenoviral protein E1A interacting protein (9) have been implicated in the actions of a large number of regulated transcription factors (10) , based on experiments using neutralizing antibodies against CBP͞p300, in vivo gene deletion, and specific ribozymes (3, 6, 11, 12) . The discovery that GCN5 (13) , CBP͞p300 (14, 15) , and p͞CAF (16) harbor intrinsic acetyltransferase activities for histones and for other proteins (17, 18) , has led to a model of the role of these factors in the regulation of chromatinized DNA templates (19, 20) . Indeed, in both biochemical and cell-based assays the acetyltransferase functions of CBP and͞or p͞CAF have proved critical for transcriptional function (7, 21) . CBP͞p300 and p͞CAF are large proteins that contain conserved domains, each of which appear to interact with large numbers of distinct DNA-binding transcription factors, which include nuclear receptors (6) , CREB (8) , and STAT proteins, (22) (23) (24) . In addition, CBP͞p300 interact with other classes of modulating proteins such as RNA helicase A, the p160͞SRC-1͞p/CIP family of factors, and S6 kinase (25, 26) . This property may underlie the putative ability of CBP͞p300 to serve as nuclear integrators of transcriptional responses (6, 27) .
In addition to potential roles of CBP͞p300 in the modification of chromatin structure, a number of additional substrates have been identified that include DNA-binding transcription factors, such as p53 (28) , GATA-1 (29) , T cell factor-1 (17) , and high mobility group (HMG) I͞Y (18) . Acetylation of these proteins can increase DNA binding (28, 29) , decrease binding (18) , or inhibit protein-protein interaction (17) .
The adenoviral immediate early gene product, E1A, is well characterized as an inhibitor of many classes of CBPdependent transcription factors (19, 20) . Although E1A was initially found to bind to the C͞H3 domain in CBP͞p300 (16) there appear to be additional interaction domains that are of differential functional importance for different classes of transcription factors. Because E1A binds to critical control regions of CBP, models predicting competition between E1A and functional CBP interacting proteins, including p͞CAF, RNA helicases, and p͞CIP have been suggested (25, 26) . Thus, a series of DNA-binding transcription factors that directly interact with the C͞H3 domain of CBP͞p300 might directly compete for access to this cofactor.
The cAMP-dependent transcription factor CREB interacts strongly with CBP, in response to CREB phosphorylation at Ser-133. CBP is required for CREB function (27) , dependent on its acetyltransferase activity (3, 27) . Similarly, the IFN-␥-dependent transcription factor STAT1 also binds to CBP and requires the CBP-HAT (histone acetyltransferase) activity for function (21) . In contrast, nuclear receptors require additional factors, including p160͞SRC͞p/CIP (6), to recruit CBP complexes. Intriguingly, the retinoic acid receptor appears to require the acetyltransferase function of p͞CAF, rather than that of CBP (21) , raising questions concerning the potential regulation of CBP͞p300 HAT activities by these and other coregulatory molecules.
In this paper, we report that the interaction of E1A with the C͞H3 region is capable of strongly inhibiting CBP HAT function on a variety of substrates, including histones H4 and H3, HMG I͞Y, HMG 14͞17 and, to a limited extent, on CBP The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
PNAS is available online at www.pnas.org. itself. In contrast, binding of CREB, or even of a CREB͞E1A fusion protein, to the KIX domain does not have this effect. Surprisingly, the CBP interaction domain of p͞CIP (3) also strongly inhibits CBP acetyltransferase function, whereas on a number of substrates the presence of additional p͞CIP domains overcomes the inhibition of CBP HAT function. These data suggest that p͞CIP is an allosteric regulator of the acetyltransferase activity of CBP, and that this effect may be modified further by interacting factors and͞or covalent modifications. Together we speculate that a component of the CBP integration function reflects substrate-specific regulation of its acetyltransferase functions. Similar events may modulate p͞CAF acetyltransferase function.
MATERIALS AND METHODS
Single Cell Microinjection Assay. Quiescent insulinresponsive Rat-1 fibroblasts were seeded on acid-washed glass coverslips at subconfluent density and grown in MNE͞F12 medium, supplemented with 10% FBS, gentacin, and methotrexate. Expression plasmids were injected into the nuclei of cells at 100 g ml
Ϫ1
by using an Eppendorf semiautomated microinjection system mounted on an inverted Zeiss microscope. About 1 hr after injection cells were stimulated, where indicated, with the appropriate ligand. In rescue experiments, cells were stimulated with ligand 6 hr after injection to allow protein expression. After overnight incubation, cells were fixed and stained to detect injected IgG and ␤-galactosidase expression (6) .
Protein Preparation and Acetylation Assays. For bacterial expression all vectors were constructed as glutathione Stransferase or HisG fusion, and purified from cultures grown to OD ϭ 0.6-0.8, and induced 90-120 min at 37°C with 1 mM isopropyl ␤-D-thiogalactoside. Bacteria were lysed and purified in the presence of a phenylmethylsulfonyl f luoride͞ Boehringer-Mannheim protease inhibitor cocktail by using glutathione agarose or nickel columns (1-2 hr, 4°C). Flagtagged CBP was expressed in a baculoviral expression vector and purified by using an anti-Flag IgG column. For CREB and CREB (1-198)͞E1A (29-242) fusion protein interactions with CBP, recombinant proteins were incubated with the protein kinase A catalytic domain (Sigma) in the presence of 0.2 mM ATP (30 min, 4°C), stopped, and the phosphorylated proteins purified on affinity beads. All proteins were checked for purification to apparent homogeneity by SDS͞PAGE. Acetylation reactions were performed in 20 l of 10 mM sodium butyrate, 50 mM Tris⅐HCl (pH 7.6), 0.5 mM DTT, ϳ2 g of each protein, and 50 M [ 14 C]acetyl-CoA (50 mCi͞mmol), and were incubated at 30°C for 30 min (CBP) or 1 hr (p͞CAF) before electrophoresis on SDS͞polyacrylamide gels.
Mutations of CBP and E1A were generated with the PCR or the Quick-Change Mutagenesis kit (Stratagene), confirmed by sequence analysis and substitution of a region containing the mutation into the wild-type vector backbone.
RESULTS
E1A Actions on CBP HAT Function. The effects of E1A on the HAT activity of CBP were initially carried out by using Flag-tagged CBP expressed in baculovirus-infected SF-9 cells. The addition of bacterially expressed E1A caused a marked inhibition of both histone H4 and histone H3 acetylation (Fig.  1) . Deletion of exon 2 information at amino acid 139 [E1A(139)] reduced but did not abolish the ability of E1A to inhibit histone acetylation activity ( Fig. 1 A and B) . However, truncation to amino acid 82, excluding CR2 and CR3, showed a marked loss in inhibitory activity and truncation to amino acid 36 abolished activity (data not shown).
To examine the substrate specificity of these effects, the acetyltransferase activity of CBP was assayed by using HMG I͞Y, HMG 14, and HMG 17 as substrates. E1A(1-139) was an effective inhibitor of acetylation of all of these substrates (Figs. 1 and 2). Even CBP autoacetylation was somewhat impaired by E1A(1-139) (Fig. 1C) . Based on the extensive study of E1A, (12) . The H3N E1A holoprotein or H3N E1A(1-139) was a much weaker inhibitor of CBP acetyltransferase function ( Fig. 1 A and B) . In contrast to E1A wild-type protein, this mutant E1A does not effectively inhibit CBP HAT function on either histone H3, H4, or HMG I͞Y ( Figs. 1 and 2 A) . Inhibitory effects on HMG14 or HMG17 were less marked (Fig. 2B) . Therefore, effects of E1A may correlate, to some extent, with the region of CBP with which it interacts, and the interaction with the C͞H3 domain appears to be particularly important for E1A inhibitory effects on CBP acetyltransferase function. Interestingly, E1A also inhibited p͞CAF HAT activity, and H3N E1A was almost equivalent to the wild-type protein with respect to this inhibition (Fig. 3A) . CREB Binding Does Not Inhibit CBP HAT Activity. Based on the actions of E1A, it became of interest to determine whether other factors, such as CREB, affect HAT function on interaction with CBP. CREB exhibits high-affinity binding to the KIX domain after activation by protein kinase A phosphorylation of Ser-133 (8, 30) . Microinjection experiments have previously indicated that CREB requires CBP HAT function to activate CRE-dependent transcription. Therefore, bacterially expressed, purified CREB was phosphorylated by using protein kinase A and assessed for effects on CBP HAT function. As shown in Fig. 3B , addition of phosphorylated CREB did not inhibit CBP acetyltransferase activity by using either histone H3 and H4 or HMG I͞Y as substrates (18), and there was actually a slight increase of CBP autoacetylation (Fig. 3B) . Because C-terminal E1A information was required for effective inhibition of CBP acetyltransferase activity, we inquired as to whether fusing N-terminally truncated E1A to the CREB C terminus would alter its effects on CBP acetyltransferase function on substrates tested. Here, protein kinase A-phosphorylated CREB or a CREB͞E1A fusion protein was used. Interestingly, in contrast to wild-type E1A, the CREB͞ E1A fusion protein exhibited no detectable ability to inhibit CBP HAT function. Consistent with a requirement for CBP HAT function for actions of CREB, interactions dependent on the KIX domain did not negatively control CBP acetyltransferase activity. One possible interpretation is that the specific interaction domain on CBP is a critical component in determining the ability of specific protein sequences to inhibit acetyltransferase activity. p/CIP͞CBP Functional Interactions. The SRC͞NCoA family of p160 factors, including p͞CIP, have been shown to exhibit ligand-dependent interactions with a number of nuclear receptors and to be capable of enhancing transcription on specific promoters. Indeed, nuclear receptor interactions with these factors, dependent at least in part on LXXLL-containing helical motifs (31) , are more robust than with CBP, and it is postulated that CBP is recruited to liganded nuclear receptors by means of the p160 factors (6, 32) . This recruitment involves a 100-aa domain that is highly conserved among the three known members of this family, SRC͞NCoA (1-3), GRIP͞ TIF2͞NCoA 2 (1, 2), or p/CIP͞ACTR͞AIB (3) (4) (5) . This interaction appears to require a domain in CBP C terminal to the C͞H3 domain (3, 31) . Therefore, we assessed the effects of the CBP interaction domain of p͞CIP (947-1084) on CBP acetyltransferase function. Unexpectedly, this region of p͞CIP (p͞ CIP CBP ) was capable of marked inhibition of CBP acetyltransferase activity when histone H3, histone H4, HMG 14, or HMG 17 were used as substrates (Fig. 4 A and B) . This result was particularly surprising because p͞CIP often synergizes (1999) with CBP in receptor activation (3) . Therefore, to further examine this issue, we expressed and purified a p͞CIP protein that encompassed all known regulatory domains, including the nuclear receptor and CBP interaction domains, and a Cterminal domain that has been reported to have weak transactivation properties (3) and weak HAT activity (4, 33) . However, when we evaluated the purified p͞CIP protein, expressing this putative HAT domain, which migrated as a Proc. Natl. Acad. Sci. USA 96 (1999) single band of the expected molecular weight, for its ability to alone acetylate histones, no detectable activity was observed (Fig. 4C) . When this longer version of p͞CIP was bound to CBP and CBP acetyltransferase activity was assessed, there was no detectable inhibition of CBP acetyltransferase activity on any substrate tested. Therefore, the inhibitory activity apparently present in the CBP interaction domain is overcome by the presence of the adjacent domains of p͞CIP. Consistent with these differential actions of the p͞CIP CBP interaction domain alone versus the extended molecule on CBP acetyltransferase activation we found that the presence of the p͞CIP CBP interaction domain, in contrast to the p͞CIP holoprotein, inhibited both CREB-dependent and IFN-␥-dependent transactivation events (Fig. 5 A and B) by using the single-cell microinjection assay. When the two p͞CIP LXXLLrelated helical motifs in the CBP interaction domain were mutated, which abolished interaction with CBP (31), it now failed to inhibit CREB or IFN-␥-dependent transcription (data not shown). Although there are many potential explanations for these data, they are consistent with the observation that HAT activity of CBP, required for CREB-dependent gene activation in response of CBP activation (19) , is inhibited in a manner that depends on the specific domains of p͞CIP that are expressed.
Finally, we wanted to determine whether there might be substrate specificity associated with the observed inhibitory effects of p͞CIP. Therefore, we examined Pit-1 as a potential substrate, because the transcriptional actions of Pit-1 have been linked to CBP (34) . Pit-1 holoprotein proved a poor substrate for activation by CBP HAT, but this acetylation was inhibited by E1A. Unexpectedly, the addition of the p͞CIP CBP interaction domain, in contrast to actions of histone H3 or H4, or HMG I͞Y acetylation, actually enhanced Pit-1 acetylation (Fig. 5C ).
DISCUSSION
The discovery that CBP͞p300 and p͞CAF possess intrinsic HAT activities that are critical to their ability to activate transcription has intriguing implications for multifactorial regulation of gene expression. In this paper we report initial biochemical and cell culture experiments indicating that CBP and p͞CAF HAT activities can be regulated, in some cases, in a substrate-specific or selective fashion.
The ability of E1A to inhibit multiple transcription factors can be correlated, for many cases, with the ability of E1A to bind to CBP͞p300 (12) . Because we find that the H3N E1A mutant protein is less effective than wild-type E1A at inhibiting CBP HAT activity and has selectively lost the ability to interact with the C͞H3, but not with other domains of CBP, we suggest that the domain of CBP to which E1A binds is a critical component of its ability to exert inhibitory actions on HAT activity. Conversely, the requirement for C-terminal sequences of E1A for effective inhibition suggests that both specific interaction regions within CBP and distinct domains within E1A appear to be necessary for effective inhibition. In contrast, consistent with the requirement of CBP HAT function for its activity, CREB fails to inhibit CBP HAT function, and this is true also of a CREB͞E1A fusion protein that harbors the region of E1A required for its inhibitory function. Therefore, when bound to the KIX domain, these sequences fail to inhibit HAT function, supporting further the idea that both the domain of interaction and the information in the interacting protein are determinants of the ability to perturbate CBP HAT activity.
Investigation of the interactions between the coactivators p͞CIP and CBP has led to a second, potentially important aspect of regulation of CBP HAT activity. Unexpectedly, the minimal CBP interaction domain of p͞CIP harbors information that, on binding to a specific C-terminal domain of CBP, has proven to inhibit CBP HAT function by using histones and HMG proteins as substrates, but to stimulate acetyltransferase activity when Pit-1 was used as a substrate. Furthermore, with the inclusion of additional functional domains, p͞CIP failed to inhibit histone acetylation. In contrast to previous reports, we have been unable to document significant acetyltransferase activity of p͞CIP itself, and such an activity does not account for the effects of p͞CIP on Pit-1 acetylation. In concert, these observations raise the possibility that p͞CIP may regulate CBP function in vivo by either stimulating or inhibiting its acetyltransferase. Such effects may in turn be regulated by interactions of p͞CIP with other cellular factors or by posttranslational modifications. Our data are most consistent with an allosteric model for the effects of CBP interacting factors, because of the observation that the p͞CIP interaction domain, which inhibited acetylation of histones H3 and H4, enhanced acetylation of Pit-1. Distinct regions of CBP may therefore act in a potentially combinatorial fashion to modulate its acetyltransferase function, providing an additional mechanism for integration of nuclear signaling events (see Fig. 5D ).
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